MicroRNAs (miRNAs) are a class of small non-coding RNAs of 20-25 nucleotides in length. It has been shown that miRNAs play important roles in the proliferation of many types of cells, including myoblasts. In this study, we used real-time quantitative polymerase chain reaction, western blotting, EdU, flow cytometry, and CCK-8 assay to explore the role of miR-125a-5p during the proliferation of C2C12 myoblasts. It was found that the expression of miR-125a-5p was decreased during C2C12 myoblast proliferation. Over-expression of miR-125a-5p inhibited C2C12 myoblast proliferation as indicated by EdU staining, flow cytometry, and CCK8 assay. It was also found that miR-125a-5p could negatively regulate E2F3 expression at posttranscriptional level, via a specific target site in the 3 0 untranslated region. Knockdown of E2F3 showed a similar inhibitory effect on C2C12 myoblast proliferation. Thus, our findings suggest that miR-125a-5p may act as a negative regulator of C2C12 myoblast proliferation by targeting E2F3.
Introduction
MicroRNAs (miRNAs) are a class of small non-coding RNAs composed of 20-25 nucleotides [1] . miRNAs negatively regulate gene expression by inducing mRNA degradation or translational repression, through base pairing to the 3 0 untranslated region (UTR) of mRNAs [2, 3] . Most miRNAs are evolutionarily conserved and more than 20,000 miRNA genes have been identified in many species, such as human and mouse, with a lot more novel miRNAs being predicted to exist [4] . miRNAs have been shown to participate in many physiological processes including myogenesis. Myogenesis is a highly orchestrated physiological process, including myogenic determination, myoblast proliferation and differentiation into myocytes, fusion of myocytes into myotubes, and myofiber maturation. miRNAs are involved in various phases of myogenesis [5] . miR-1 was currently reported to promote myoblast differentiation by down-regulating HDAC4, while miR-133a was shown to accelerate the proliferation of myoblasts by repressing serum response factor [6] . In addition, other miRNAs, like miR-206, miR-208, and miR-125b, had also been found to play an important role in myogenesis [7] [8] [9] . During myogenesis, myoblast proliferation is the initial and crucial stage [10, 11] which is regulated by an array of factors, including cell cycledependent elements [12] . Mammalian E2F, a family of transcription factors, regulates cell cycle progression through cooperating with other cell cycle regulatory genes [13] . E2F3 has been demonstrated to be essential for cardiac development and function [14] , and the loss of E2F3 impaired the proliferation of vascular smooth muscle cells [15] , suggesting that E2F3 also plays a promoting role during the proliferation of myoblasts [16] .
miR-125 family consists of three homologs: miR-125a, miR125b-1, and miR-125b-2 [17] . miR-125 family has been widely investigated in many carcinomas or other diseases where it functions either as promoter or as repressor [18] [19] [20] . Previous studies have shown that miR-125b acts as a negative regulator in skeletal myogenesis [9] and miR-125a-5p regulates MAPK14 transcript levels in extraocular muscles, where the pattern of miR-125a-5p expression is fundamentally different from that in limb muscle [21] . However, the potential function of miR-125a-5p in myogenesis remains unclear. In this study, we demonstrated that over-expression of miR-125a-5p could negatively regulate C2C12 myoblast proliferation, and E2F3 might be a direct target of miR-125a-5p.
Materials and Methods
Cell culture and transfection C2C12 myoblasts (ATCC, New York, USA) were grown under 5% CO 2 at 37°C in Dulbecco's modified Eagle's medium (DMEM; Gibco, Gaithersburg, USA) supplemented with 10% fetal bovine serum (Gibco) and 100 U/ml penicillin and 100 μg/ml streptomycin (Gibco). miR-125a-5p mimics (50 nM) or E2F3 siRNAs (50 nM) (sequences are listed in Table 1 ) were transfected into cells when C2C12 cell density reached 40%-50%. All of the above products were purchased from GenePharma (Shanghai, China) and Ribobio (Guangzhou, China).
Plasmid construction and luciferase reporter assay
The 3 0 UTR of mouse E2F3 mRNA (wild type or mutant) containing miR-125a-5p seed sequence targeting site was amplified by polymerase chain reaction (PCR), using primers (sequences are listed in Table 2 ) linked with the XhoI and NotI enzyme loci sites. The sequences were excised with NotI and XhoI and inserted into the psiCHECK™-2 Vector (Promega, Madison, USA) at the downstream of the coding region of Renilla gene. Luciferase activity was used as the internal control. The miR-125a-5p mimic and 3 0 UTR dual-luciferase vector were co-transfected into 293T cells (ATCC) using X-tremeGENE 9 DNA Transfection Reagent (Roche, Penzberg, Germany) and the growth medium was replaced 6 h later. And 48 h later, 293T cells were incubated with commercial cell lysis buffer (Promega) and luciferase activity was measured using a luminometer (PerkinElmer, Waltham, USA) according to the manufacturer's instructions.
RNA extraction and real-time quantitative PCR
When the C2C12 cell density reached 40%-50%, cells were transfected with miRNA mimics. Then, cells were collected for expression profile analysis. The time point at 24 h after transfection was set as 0. Trizol reagent (TaKaRa, Dalian, China) was used to extract cellular total RNAs. The total RNA quality was tested using denatured gel electrophoresis, and RNA concentration was tested by NanoDrop 2.0 (Thermo, Waltham, USA). About 1 μg of the total RNA was processed into cDNA using a reverse transcription kit, TaKaRa, Dalian, China) with miRNA stem-loop primers, miR-125a-5p and U6 (Ribobio), or random primers according to the manufacturer's instructions. Real-time quantitative PCR (RT-qPCR) was performed with an SYBR green kit (TaKaRa) in triplicate on a Bio-Rad iQTM5 (Bio-Rad, Hercules, USA) according to the manufacturer's instructions (reaction conditions refer to Table 3 ). U6 was used to normalize the expression of miRNAs, and GAPDH was used to normalize the expression of individual mRNAs. The 2 −ΔΔCt algorithm was used to evaluate the relative expression level of genes and miRNAs. The primer sequences are presented in Table 2 .
Western blot analysis
Twenty-four hours after transfection, proliferating myoblasts were subject to protein extractions as described previously [22] . The protein concentration was measured with the bicinchoninic acid assay kit (Beyotime, Shanghai, China) according to the manufacturer's instructions. About 15-20 μg of protein extract per lane was used for 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a polyvinylidene fluoride (PVDF) membrane. Then, the PVDF membranes were probed with primary antibodies to E2F3 (Abcam, Shanghai, China), CyclinD1 (Abcam), and GAPDH Table 1 . The miR-125a-5p mimic, antagomir, and E2F3 siRNA sequences (mouse) Table 2 . The sequences for the primers used in this study
miR-125a-5p inhibits C2C12 proliferation(Abcam), followed by incubation with the horseradish peroxidaseconjugated secondary antibodies (BOSTER, Wuhan, China). The membranes were exposed and quantified with the Image J program (Bio-Rad).
Cell cycle assay by flow cytometry
Twenty-four hours after transfection, proliferating myoblasts were washed three times with cold phosphate-buffered saline (PBS) and fixed in 70% (v/v) ethanol at −20°C overnight. After centrifugation, the supernatants were discarded, and the cells were washed with PBS once and re-suspended in 0.5 ml of 50 μg/ml propidium iodide (DOJINDO, Shanghai, China) solution containing 0.2% (v/v) Triton X-100 and 100 µg/ml RNase A for 30 min at 4°C. The cells were then tested with a flow cytometry instrument (Becton Dickinson, FACSCalibur, Franklin, USA) and data were analyzed with the ModFit software (Verity Software House, Topsham, USA). According to the amount of DNA, cell cycle points were assigned to G0/G1, S phase, and G2/M phase. Then, cell number proportion in each cell cycle phase was analyzed statistically according to the amount of DNA.
EdU detection
Twenty-one hours after transfection, 10 μM EdU (Ribobio) was added into the growth medium and incubated for 3 h. Fixation, permeabilization, and EdU staining were done according to the manufacturer's protocol. Cell nuclei were stained with Hoechst 33342 (Invitrogen, Carlsbad, USA) with a concentration of 5 μg/ml for 10 min. Then, EdU-positive cells were visualized under a fluorescence microscope (Nikon, Tokyo, Japan). The ratio of positive cells (EdU-staining cells/the total of cells) was then calculated.
CCK-8 detection
C2C12 myoblasts were seeded in 96-well plates at 5 × 10 3 cells per well in 100 μl of growth medium. At 0, 12, 24 h after transfection with miR-125a-5p mimic or E2F3 siRNA, CCK-8 kit (Beyotime) was used to detect cell proliferation index according to manufacturer's instructions.
Statistical analysis
Each experiment was repeated three times independently, and each independent repeat was performed in triplicate. Data were presented as the mean ± SEM. One-way ANOVA in SPSS18.0 software was used to perform variance analysis and significance test. P < 0.05 was considered of significant difference.
Results miR-125a-5p and E2F3 display reversely associated expression pattern in the proliferative phase of C2C12
Using bioinformatics prediction software TargetScan (http://www. targetscan.org/), we predicted that E2F3 might be a potential target gene of miR-125a-5p. Given that previous studies had indicated that E2F3 might be a positive cell cycle regulator which promotes cell proliferation [23] , we first detected the expression profile of E2F3 and miR-125a-5p during the proliferation of C2C12 myoblasts using RT-qPCR. The results showed that miR-125a-5p expression level was decreased (Fig. 1A ), while E2F3 mRNA expression level was increased (Fig. 1B) . In addition, E2F3 protein level was also increased during the proliferating period of C2C12 myoblasts (Fig. 1C) , suggesting a potential correlation between miR-125-5p and E2F3 during the proliferation of C2C12 myoblasts.
Over-expression of miR-125a-5p decreases the expression levels of cell cycle factors
The expression patterns of miR-125a-5p and E2F3 promoted us to further verify their roles in the proliferation of C2C12 myoblasts. C2C12 myoblasts were transfected with miR-125a-5p mimic or negative control (NC). Upon mimic transfection, miR-125a-5p expression level was elevated by10 folds ( Fig. 2A) , while E2F3 mRNA and protein levels significantly declined (Fig. 2B,C) . In addition, the mRNA and protein levels of another cell cycle marker, CyclinD1, were also decreased along with the over-expression of miR-125a-5p (Fig. 2B,C) . Over-expression of miR-125a-5p affects DNA replication and promotes G1 arrest
Over-expression of miR-125a-5p led to a significant decrease in the proportion of EdU-positive cells compared with the NC group (Fig. 3A,B) , while miR-125a-5p over-expression increased the proportion of G1 phase cells but decreased the number of S phase cells (Fig. 3C,D) , indicating that over-expression of miR-125a-5p could inhibit DNA replication and result in cell cycle arrest.
Over-expression of miR-125a-5p or knockdown of E2F3 affects the proliferation of C2C12 myoblasts
To further validate the inhibitory role of miR-125a-5p in the proliferation index of C2C12 myoblasts, CCK-8 assay was performed during the proliferation phase of cells. Compared with the control group, the cell proliferation index decreased significantly (Fig. 4A) . In order to investigate the role of E2F3 in cell proliferation, E2F3 siRNAs were transfected into C2C12 myoblasts, and then the mRNA and protein Figure 2 . Over-expression of miR-125a-5p inhibited E2F3 and CyclinD1 expression levels C2C12 cells were transfected with miR-125a-5p mimic or NC miRNA and grown in growth medium (GM) for 24 h. (A) Twenty-four hours after miR-125a-5p mimic or NC transfection, the expression level of miR-125a-5p in C2C12 myoblasts was detected. (B) The mRNA expression levels of cell cycle factors CyclinD1 and E2F3 were detected by RT-qPCR. (C) The relative protein expression levels in Supplementary Fig. S1B were analysis with Image J. Results are presented as the mean ± SEM. n = 3. *P < 0.05, **P < 0.01. miR-125a-5p inhibits C2C12 proliferationlevels of E2F3 and CyclinD1 were detected, respectively. Compared with the control group, the mRNA and protein levels of both E2F3 and CyclinD1 were decreased significantly (Fig. 4B,C) . Using CCK-8 assay, we also showed that E2F3 knockdown decreased the cell proliferation index (Fig. 4A) .
miR-125a-5p is capable of targeting the 3 0 UTR of E2F3 in a luciferase report assay miRNAs normally target the 3 0 UTR of mRNAs to regulate the gene expression. As predicted by TargetScan, there were complementarities between miR-125a-5p and E2F3 3 0 UTR (Fig. 5A) . In order to show this physical interaction experimentally, the wild type and mutant of 3 0 UTR fragment of E2F3 were cloned and inserted into downstream of the luciferase gene in psiCHECK™-2 reporter, respectively (Fig. 5B) .
The psiCHECK-E2F3-UTR (wild type) or psiCHECK-E2F3-UTR (mutant) plasmid was co-transfected with the miR-125a-5p mimic into 293T cells, respectively. And 48 h after transfection, the luciferase activity of the psiCHECK-E2F3-UTR (wild type) group was found to be significantly lower than that of the NC group (P < 0.05), while the psiCHECK-E2F3-UTR (mutant) group was not significantly changed (Fig. 5C) . Thus, E2F3 might be a direct target gene of miR-125a-5p in C2C12 myoblasts.
Discussion miRNAs, as endogenous non-coding small regulators of gene expression, are actively involved in various aspects of skeletal myogenesis [5] . In this study, we firstly found that the expression of miR-125a-5p was decreased during myoblast proliferating, while E2F3 expression level was induced. Secondly, over-expression of miR-125a-5p repressed the proliferation of C2C12 myoblasts and down-regulated E2F3 as well as ClyclinD1 mRNA and protein expression, which are essential for modulating the cell cycle during myogenesis [24] . In addition, over-expression of miR-125a-5p led to G1 phase arrest and impeded cell proliferation, and silencing of E2F3 could inhibit cell proliferation as well. Our results also showed that miR-125a-5p could target E2F3 via a specific target site in the 3 0 UTR. Interestingly, inhibition of miR-125a-5p had no effect on the proliferation of C2C12 myoblasts ( Supplementary Figs. S2 and S3) . We proposed that it might be due to the low basal expression level of miR-125a-5p [6] or miR-125a-5p might be a dispensable miRNA in myogenesis.
The roles of miR-125a-5p and its targets have already been extensively studied in many cellular contexts. In hepatocellular carcinoma, miR-125a could inhibit the cell proliferation by targeting MMP11 and VEGF [25] . miR-125a could also inhibit human gastric cancer cell proliferation [26] . In breast cancer, miR-125a could inhibit cell growth by targeting HuR [27] . In acute myeloid leukemia, miR125a regulated cell cycle and proliferation by targeting the ErbB pathway [28] . In lung cancer cells, miR-125a could induce cell apoptosis by activating p53-dependent pathway [29] . In the development of bone, miR-125a could inhibit osteoclastogenesis by targeting TNF receptor-associated factor 6, a transduction factor for RANKL/ RANK/NFATc1 signal [30] . These reports demonstrated that miR-125a exists usually as a negative proliferation regulator. In addition, Figure 4 . Over-expression of miR-125a-5p or knockdown of E2F3 affects C2C12 myoblast proliferation (A) After transfecting miR-125a-5p mimic or E2F3 siRNA (siRNA-2), cell proliferation index in 0, 12, and 24 h was detected by CCK-8 kit. (B) After E2F3 siRNA transfection, the E2F3 and CyclinD1 mRNA levels in C2C12 myoblasts were detected, respectively. (C) After E2F3 siRNA transfection, the E2F3 and CyclinD1 protein levels in C2C12 myoblasts were detected, respectively. NC, negative control; Si, siRNA. Results were presented as the mean ± SEM. n = 3. *P < 0.05, **P < 0.01. and psiCHECK-E2F3-UTR (mutant) plasmid. (C) The psiCHECK-E2F3-UTR (wild type) and psiCHECK-E2F3-UTR (mutant) plasmid were co-transfected with the miR-125a-5p mimic or NC into 293T cells, respectively. Forty-eight hours after transfection, the luciferase activity of the miR-125a-5p mimic group was compared with that of the NC group. Results are presented as the mean ± SEM. n = 3. *P < 0.05. wt, wild type.
miR-125a-5p may target MAPK14 which is an important factor for myogenesis [21] . However, no further studies concerning the role of miR-125a in myogenesis have been reported. In line with these records, we demonstrated that miR-125a-5p could also negatively regulate the proliferation of C2C12 myoblasts. During cell proliferation phase, E2F3 usually acts as an activator, regulating the cell cycle through G1 phase to S phase transition [23] . In vivo, E2F3 expression is required for the proliferative capacity of myocardium [14] . In vitro, E2F3 regulates the proliferation of myoblasts [16] . In this study, we demonstrated that knockdown of E2F3 could inhibit the proliferation of C2C12 myoblasts. Moreover, we also found that the seed sequence of miR-125a-p could target E2F3 through bioinformatics software prediction and luciferase interaction assay. Our results are in consistence with Xu et al. [31] (this paper was published during our submission), where miR-125a-5p was shown to inhibit the proliferation, migration, and invasion activities of gastric cancer cells through targeting E2F3.
In conclusion, our study provided evidence that over-expression of miR-125a-5p could inhibit the proliferation of C2C12 myoblasts by regulation of E2F3.
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